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The exosome: A versatile RNA processing machine
Carolyn J. Decker
A conserved complex of multiple 3¢-to-5¢ exonucleases
has been discovered recently in eukaryotes. This
essential complex, the exosome, is required for diverse
RNA processing events.
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Virtually all eukaryotic RNAs require processing after they
are transcribed in order to be functional. These processing
events include 5′ capping, 3′ cleavage, polyadenylation
and intron splicing of messenger RNAs (mRNAs); 5′ and
3′ end trimming, intron splicing and nucleotide modifica-
tion of transfer RNAs (tRNAs); and the formation of the
mature 25S, 18S and 5.8S ribosomal RNAs (rRNAs) from a
single long primary transcript through multiple processing
steps. In addition, all RNAs are subject to the ultimate
‘processing’ event — degradation. Recently, a complex of
3′-to-5′ exonucleases was discovered in the budding yeast,
Saccharomyces cerevisiae, which is required for two very
diverse processes, the maturation of 5.8S rRNA [1] and
the degradation of mRNAs [2]. This complex of multiple
exonucleases has been dubbed the exosome [1]. I shall
focus here on the role of the exosome in these two 
different processes and the interesting implications of the
existence of such a versatile processing machine.
The exosome was first identified by Tollervey and
coworkers [1,3] during their study of 5.8S rRNA process-
ing in S. cerevisiae. The final step in the formation of 5.8S
rRNA from the primary ribosomal RNA transcript is
removal of approximately 140 nucleotides from the 3′ end
of a longer 7S intermediate. Mitchell et al. [3] identified a
temperature-sensitive mutant yeast strain, rrp4-1, that is
defective in this processing reaction. In this strain, at the
non-permissive temperature, the mature 5.8S rRNA
becomes depleted and aberrant 5.8S rRNA species
accumulate which have 3′ extensions of variable lengths.
The structure of these aberrant RNAs suggests that
processing of the 7S intermediate normally occurs by 
3′-to-5′ exonucleolytic digestion. Consistent with this
idea, recombinant wild-type RRP4 protein has 3′-to-5′
exonuclease activity in vitro [1]. 
The Tollervey group then made the interesting observa-
tion that the yeast RRP4 protein is found in a large
complex of approximately 300–400 kDa containing at least
four additional components — RRP41, RRP42, RRP43
and RRP44. All four of these proteins show sequence sim-
ilarity to bacterial 3′-to-5′ exonucleases, and recombinant
RRP41 and RRP44 proteins have 3′-to-5′ exonuclease
activity in vitro. Depletion of any one of these proteins
causes the identical defect in 5.8S rRNA processing to
Figure 1
The two major mRNA decay pathways in
yeast. (a) The deadenylation-dependent
decapping decay pathway. In the first step,
the poly(A) tail is deadenylated from its initial
length of ~60–80 nucleotides to ~5–10
nucleotides. Poly(A) shortening leads to
removal of the 5′ cap structure — decapping —
by the DCP1 protein. Decapping leaves the
mRNA susceptible to 5′-to-3′ exonucleolytic
digestion by the XRN1 exonuclease. (b) The
3′-to-5′ decay pathway. Deadenylation of the
mRNA occurs, followed by mRNA
degradation in a 3′-to-5′ direction by the
exosome. RRP4, RRP41, RRP42, RRP43,
and RRP44, the five known or suspected
3′-to-5′ exonucleases in the exosome, are
shown together in a complex. Note that the
stoichiometry and neighbor relations of the
proteins in the exosome are not yet known.
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that seen in the rrp4-1 strain. Thus, a large complex of
multiple 3′-to-5′ exonucleases exists, the exosome, which
is required for rRNA production in yeast.
The exosome appears to be an essential, conserved
complex in eukaryotes. Each one of the genes for the com-
ponents of the exosome is required for yeast viability. S.
cerevisiae RRP43 is similar to a gene found in the fission
yeast Schizosaccaromyces pombe [1]. Furthermore, genes that
show extensive similarity to S. cerevisiae RRP4 have been
identified in humans and S. pombe [3]. Human RRP4
protein not only complements the temperature-sensitive
lethality of the rrp4-1 S. cerevisiae strain, it also is present in
a large complex in both nuclear and cytoplasmic fractions
from human cells [1]. These observations suggest that both
the function of the RRP4 protein and its localization in the
exosome are conserved in humans, although whether addi-
tional 3′-to-5′ exonucleases are present in the mammalian
complex is not yet known. While the existence of a con-
served complex of exonucleases responsible for the critical
process of rRNA formation is interesting in and of itself, it
is made all the more intriguing by the observation that this
same complex is required for mRNA turnover. 
A major pathway of mRNA turnover in S. cerevisiae
involves first shortening of the 3′ poly(A) tail, followed by
decapping at the 5′ end which thereby exposes the mRNA
to 5′-to-3′ exonucleolytic degradation (Figure 1a; reviewed
in [4,5]). Although transcripts are stabilized in strains
defective in components of this pathway, mRNAs do
continue to be degraded, indicating that alternative decay
pathway(s) exist. Recently, Anderson and Parker [2]
uncovered a second turnover pathway that degrades
mRNAs in a 3′-to-5′ direction and turns out to require the
exosome (Figure 1b). 
A critical approach to determining the directionality of
mRNA decay has been to insert extremely stable RNA
structures into transcripts, thereby blocking exonucleases
and trapping normally transient decay intermediates
(Figure 2) [6,7]. Under conditions where the deadenyla-
tion-dependent decapping pathway is inhibited, interme-
diates that are missing sequences from the 3′ end of the
mRNA up to the secondary structure block are observed
(such as intermediate A in Figure 2), indicating that the
RNA is degraded in a 3′-to-5′ direction [2]. Furthermore,
in wild-type cells, the intermediate produced by the 
5′-to-3′ decay mechanism (intermediate B in Figure 2) is
also degraded in a 3′-to-5′ direction, resulting in a RNA
fragment (intermediate C in Figure 2) that is trimmed on
both 5′ and 3′ sides of the secondary structure block. This
observation indicates that the 3′-to-5′ decay pathway func-
tions under normal growth conditions, although for the
particular mRNAs examined it acts more slowly than the
5′-to-3′ pathway.
Several observations indicate that the exosome is required
for 3′-to-5′ mRNA decay. First, in conditional rrp4 or
rrp41 mutants, the 5′-to-3′ decay intermediate (intermedi-
ate B) is stabilized and/or accumulates to higher levels
than in wild-type cells, and intermediate C is no longer
present. Instead, new degradation products of intermedi-
ate B accumulate, which are shortened by various amounts
from the 3′ end of the transcript. These new RNA frag-
ments are analogous to the aberrant 5.8S rRNA processing
intermediates seen in exosome mutant strains. These
Figure 2
The directionality of mRNA decay has been
determined using stable RNA secondary
structures to block exonucleases and thereby
stabilize otherwise transient decay
intermediates. The stop sign represents the
point of insertion of a poly(G) tract, which
forms an extremely stable RNA structure, into
the 3′ untranslated region of an mRNA.
(a) 3′-to-5′ degradation of the modified mRNA
by the exosome results in the accumulation of
a decay intermediate (intermediate A) that is
missing sequences from the 3′ end of the
transcript up to the poly(G) tract.
(b) 5′-to-3′ degradation of the modified mRNA
by the XRN1 exonuclease, following
deadenylation and decapping, results in a
decay intermediate (intermediate B) that is
missing sequences from the 5′ end of the
transcript to the poly(G) tract. Intermediate B
is degraded 3′-to-5′ by the exosome to
produce intermediate C, which is missing
sequences from both the 5′ and 3′ ends of
the mRNA up to the poly(G) tract.
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observations indicate that 5′-to-3′ decay is occurring in
these mutants, but 3′-to-5′ decay is severely inhibited.
Thus, the exosome, which processes rRNA in the nucleo-
lus, is also responsible for the degradation of mRNAs in
the cytoplasm. Interestingly, the rate of 3′-to-5′ decay
differs between mRNAs, and transcripts appear to be
degraded at the same relative rate by the 3′-to-5′ decay
pathway as by the 5′-to-3′ pathway. These observations
suggest that the exosome is differentially regulated, and
that elements within mRNAs that control decay may mod-
ulate both pathways.
In addition to the exosome, the products of the SKI2, SKI3
and SKI8 genes are required for 3′-to-5′ mRNA decay [2].
These genes were first identified by mutations that caused
the overexpression of a toxin encoded by a yeast double-
stranded RNA virus (dubbed a ‘superkiller’ phenotype)
[8], possibly as a result of stabilization of the viral mRNA.
The RRP41 gene is also a superkiller gene, in which guise
it is known as SKI6 (mentioned in [1,2]). The deletion
strains ski2, ski3 or ski8 have similar defects in 3′-to-5′
mRNA decay as seen in the rrp4 or rrp41 temperature-
sensitive strains, though they are not defective in 5.8S
rRNA processing. SKI2, SKI3 and SKI8 therefore appear to
be required specifically for 3′-to-5′ mRNA decay.
Degradation by the exosome appears to be a major
turnover mechanism, as all five mRNAs that have been
examined, including stable and unstable transcripts, decay
at extremely slow rates in a strain that is conditionally
defective in both 3′-to-5′ and 5′-to-3′ decay pathways [2].
Moreover, strains carrying mutations that disrupt both
decay pathways are not viable, arguing that the major
mRNA decay pathways have been identified and that
redundancy serves to protect cells from the effects of
perturbations in decay.
Why do cells have a complex of multiple 3′-to-5′ exonu-
cleases? How is the activity of this processing machine
controlled? These questions may be related, in that the 
3′-to-5′ exonucleases may be controlled by their localiza-
tion in the exosome. The activities of the individual 
3′-to-5′ exonucleases may be regulated in the complex, as
the in vitro activity of the exosome resembles that of
recombinant RRP4 protein alone, and not a combination
of the activities of the three demonstrated nucleases in the
complex [1]. The structure of the aberrant RNA species
that accumulate in exosome mutants suggests that one
function of the complex is to increase the processivity of
digestion. The presence of multiple exonucleases in a
single complex could increase processivity if, as one
exonuclease disassociates from the RNA, another exonu-
clease associates. 
One intriguing proposal, based on the observation that the
SKI2, SKI3 and SKI8 proteins are only required for 
3′-to-5′ mRNA decay, and not 5.8S rRNA processing, is
that the exosome is recruited as a functional unit to partic-
ular substrates through the action of specific adaptors [2].
Interestingly, the SKI2 protein is a member of the
‘DEVH’ family of putative RNA helicases, and could act
to remodel mRNAs or mRNA–protein interactions to
facilitate exosome recognition or digestion. Another puta-
tive RNA helicase, the Dop1/Mtr4 protein, may act as an
adaptor for rRNA processing, as mutations in this protein
cause defects in 5.8S rRNA processing [9]. Perhaps, within
the exosome, the active sites of the exonucleases are posi-
tioned such that RNA substrates must be unwound and/or
presented to the complex for digestion.
RNA processing clearly plays a significant role in cellular
metabolism. Many fascinating questions about RNA pro-
cessing remain to be addressed, among them being that of
how the exosome is specifically controlled. It is to be
hoped that, in the next few years, we shall learn a great
deal more about this diverse processing machine.
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